Monoallelic RUNX1 mutations cause familial platelet disorder with predisposition for acute myelogenous leukemia (FPD/AML). Sporadic mono-and biallelic mutations are found at high frequencies in AML M0, in radiation-associated and therapy-related myelodysplastic syndrome and AML, and in isolated cases of AML M2, M5a, M3 relapse, and chronic myelogenous leukemia in blast phase. Mutations in RUNX2 cause the inherited skeletal disorder cleidocranial dysplasia (CCD). Most hematopoietic missense mutations in Runx1 involve DNA-contacting residues in the Runt domain, whereas the majority of CCD mutations in Runx2 are predicted to impair CBFb binding or the Runt domain structure. We introduced different classes of missense mutations into Runx1 and characterized their effects on DNA and CBFb binding by the Runt domain, and on Runx1 function in vivo. Mutations involving DNA-contacting residues severely inactivate Runx1 function, whereas mutations that affect CBFb binding but not DNA binding result in hypomorphic alleles. We conclude that hypomorphic RUNX2 alleles can cause CCD, whereas hematopoietic disease requires more severely inactivating RUNX1 mutations.
Introduction
Monoallelic mutations in RUNX1 and RUNX2 include deletions and missense, nonsense, and frameshift mutations (Lee et al, 1997; Mundlos et al, 1997; Song et al, 1999; Michaud et al, 2002; Walker et al, 2002) . Large intragenic deletions in RUNX1 and RUNX2 were identified in both familial platelet disorder with predisposition for acute myelogenous leukemia (FPD/AML) and cleidocranial dysplasia (CCD) patients, respectively, indicating that haploinsufficiency is one mechanism for these diseases (Lee et al, 1997; Mundlos et al, 1997; Song et al, 1999) . The majority of missense mutations in Runx1 and Runx2 are clustered within their DNA-binding Runt domains (RDs). The Runx1 and Runx2 RDs are 92% identical and recognize the same DNA sequence, and therefore should have the same structures and biophysical properties. The RD of Runx1 is an S-type immunoglobulin fold that is structurally related to the DNA-binding domains of p53, NF-kB, NFAT, Brachyury, and the STAT proteins (Berardi et al, 1999; Nagata et al, 1999) . Although some missense mutations in Runx2 in CCD involve DNA-contacting residues in the DNA-binding loops, most CCD mutations are located in the b-barrel of the RD ( Figure 1A ) and are predicted to globally or locally disrupt the RD fold or impair its heterodimerization with CBFb. On the other hand, Runx1 mutations in hematopoietic disorders are located almost exclusively at the DNA interface, primarily in the DNA-binding loops, and were predicted to disrupt DNA binding without affecting the RD fold (Nagata and Werner, 2001; Tahirov et al, 2001 ). These observations suggested that the CCD and hematopoietic disease mutations in Runx2 and Runx1, respectively, are functionally distinct. It has been proposed that several of the Runx1 mutations create dominant-negative alleles, particularly those involving amino acids at the DNA interface that result in an RD unable to bind DNA, but that is folded correctly and able to bind CBFb (Imai et al, 2000; Nagata and Werner, 2001; Michaud et al, 2002; Osato, 2004) . Here, we determined whether mutations found in hematopoietic diseases and CCD are indeed functionally distinct by introducing them into Runx1 and analyzing their effects on the thermal stability, DNA binding, and CBFb binding of the RD, and on hematopoiesis in vivo. (Bravo et al, 2001; Tahirov et al, 2001 ) and mutated residues. The RD and CBFb are shown in gray and blue, respectively, and DNA is purple. Amino acids mutated in Runx2 in CCD (Lee et al, 1997; Quack et al, 1999; Zhou et al, 1999; Yoshida et al, 2002; Zhang et al, 2003) are yellow, whereas green indicates amino acids mutated in Runx1 in FPD/AML, AML M0 subtype, radiation-associated and therapy-related myelodysplastic syndrome and AML, AML M2, M5a, M3 relapse, and chronic myelogenous leukemia in blast phase (Osato et al, 1999; Song et al, 1999; Preudhomme et al, 2000; Buijs et al, 2001; Michaud et al, 2002; Walker et al, 2002; Harada et al, 2003; Roumier et al, 2003; Harada et al, 2004) . R139 and R174, which are mutated in both CCD and in hematopoietic diseases, are indicated with yellow and green labels. Shown in gray is T161, an energetic hot spot at the CBFb interface (Zhang et al, 2003) . (B) The fraction of unfolded RD in the presence of increasing concentrations of urea. The boxes indicate proteins that (from right to left) had unaltered, moderately compromised, and more severely compromised stability. (C) 15 N-1 H-HSQC spectra of WT and mutated RDs. Each panel contains the spectrum of the WT RD (black) overlaid on the RD mutant spectrum (red). The R174Q þ WT RD spectra were recorded in the absence (left panel) and presence (middle panel) of DNA. L148F was recorded in the presence of DNA. Arrows on the L148F spectra indicate several examples of peaks specific to the DNA-bound form of the RD that are shifted in the L148F spectrum relative to the WT spectrum, indicative of a conformational change in the DNA-bound L148F protein. (1) Quack et al (1999) ; (2) Zhou et al (1999) ; (3) Lee et al (1997) ; (4 Song et al (1999) ; (12) Buijs et al (2001). c Amino acids that directly contact DNA or CBFb, from crystal structures (Bravo et al, 2001; Tahirov et al, 2001) . Mutants with spectra that had a WT appearance with a limited number of peaks showing significant chemical shift changes were classified as normal, whereas mutants displaying spectra with large numbers of shifted peaks or many missing peaks were characterized as perturbed. f EMSA values represent average of three experiments7s.d. One-and modified one-hybrid filter assays were scored as positive (+) if the b-galactosidase signal was equivalent to that of the WT RD, moderate (+/À) if the level of b-galactosidase activity was between that of the RD and a negative control consisting of the GAL4 AD alone (o10-fold perturbation of DNA binding), and negative (À) if b-galactosidase activity was undetectable (X10-fold decrease). the bE 0 -bF loop) also compromised the RD stability, as did T161A. The T161A mutation has not been found in patients but was of interest to us because the T161 side-chain contributes more energy (2.0 kcal/mol) than that of any other residue to heterodimerization with CBFb, and is an energetic hot spot at the CBFb interface (Zhang et al, 2003) .
Mutations in five of seven residues at the DNA interface, including R118Q, G138D, R139Q, R174Q, and R177Q, did not alter the RD's stability ( Figure 1B and Table I ). The T169I mutation, on the other hand, severely destabilized the RD, and the K167N mutation more moderately destabilized the protein. Thus, although in general, mutations in DNA-contacting residues tended not to affect the RD's stability, there were at least two exceptions to this trend.
We also assessed the degree to which the fold of the RD was perturbed for several mutant RDs by 15 N-1 H heteronuclear single quantum correlation (HSQC) spectroscopy. Figure 1C shows an overlay of spectra for the wild-type (WT) and two mutant RDs. NMR spectra of the WT RD in the absence of DNA are relatively poor due to signal broadening caused by conformational exchange (Berardi et al, 1999; Nagata et al, 1999; Pérez-Alvarado et al, 2000) . Despite this technical limitation, it is clear that peaks from the WT RD and the R174Q RD in the absence of DNA almost completely overlap, consistent with the fold of the R174Q mutant being unperturbed ( Figure 1C , left panel). In the presence of DNA, the peaks from the WT RD are more broadly dispersed ( Figure 1C , middle panel), whereas the R174Q þ DNA spectrum is essentially identical to that of R174Q in the absence of DNA. The R174Q mutation decreased DNA binding by 410 000-fold (Table I) ; therefore, even at the relatively high protein and DNA concentrations (B0.5 mM) used to collect the R174Q þ DNA spectrum, R174Q is not bound to DNA. In summary, the R174Q mutation results in a correctly folded, but non-DNA-bound RD.
The L148F mutation decreases DNA binding by a relatively modest 10-fold (Table I) , and at the concentrations used to record the spectrum the L148F RD should be DNA bound. Indeed, the L148F þ DNA 15 N-1 H HSQC spectrum is more well dispersed due to its DNA binding. However, the L148F þ DNA spectrum is significantly altered relative to that of the WT RD þ DNA with numerous residues showing significant chemical shift changes. When an amino-acid substitution does not perturb a protein's fold, only a very limited subset of residues, those spatially close to the site of the mutation, will show chemical shift changes. In contrast, an amino-acid substitution that perturbs the fold will result in large numbers of chemical shift changes as a result of the conformational alteration (Corazza et al, 2004; Gorbatyuk et al, 2004; Ren et al, 2005; Sanderson et al, 2005) . The large number of chemical shift changes in the L148F spectrum is consistent with a perturbation of the RD fold. This is supported by the decreased thermodynamic stability of the L148F RD observed in the urea denaturation analysis ( Table I) .
Effects of mutations on DNA binding
We examined DNA binding by all of the mutated RDs alone, and as RD-CBFb heterodimers using yeast one-and modified one-hybrid assays, and independently validated several of the yeast one-hybrid results with quantitative electrophoretic mobility shift assays (EMSAs) (Figure 2 and Table I ). The yeast one-hybrid assay measures the ability of an RD-Gal4 activation domain fusion protein (RD-Gal4 AD) to activate transcription of a lacZ reporter gene driven by three RDbinding (core) sites ( Figure 2E ). The modified yeast onehybrid assay measures the activity of an RD-Gal4 AD/CBFb heterodimer in the same yeast reporter strain ( Figure 2F ). All of the mutations identified in Runx1 in the hematopoietic disorders decreased DNA binding by X10-fold (indicated by 'À' in the one-hybrid column of Table I ). EMSAs confirmed that several of the mutations affected DNA binding quite severely; K83N, R139Q, and R174Q decreased DNA binding (increased K 2 ) by 200-, 28 000-, and 46 000-fold, respectively (Table I ). We previously showed that alanine substitutions at the other DNA-contacting residues increased K 2 by 27-fold (R177A), 80-fold (R135A), 115-fold (R80A), and 185-fold (D171A) . As an alanine substitution generally removes only side-chain contacts and does not introduce a bulky or inappropriately charged side chain that could directly interfere with DNA binding, the K 2 values associated , and DNA (purple). These interactions can be described by four equilibrium constants: K 1 , the dissociation constant for the RD-CBFb heterodimer in the absence of DNA; K 2 , the dissociation constant for the RD-DNA complex; K 3 , the dissociation constant for CBFb binding to the RD-DNA complex; and K 4 which describes binding of the RD-CBFb heterodimer to DNA. (B) FRET assay to determine K 1 . Cerulean (Cer), an optimized version of the cyan fluorescent protein (Rizzo et al, 2004) , was fused to the N-terminus of the RD, and the YFP derivative Venus (Rizzo et al, 2004) was fused to the N-terminus of CBFb. Cerulean was excited at 433 nm and emission from Cerulean and Venus detected at 474 and 525 nm, respectively. (C) Fluorescence spectra of Cerulean-RD and Venus-CBFb showing the FRET effect. The black curve is the spectrum of Cerulean-RD þ Venus-CBFb at a concentration of 25 nM (4.5-fold below K 1 ). The red curve is the spectrum of Cerulean-RD þ Venus-CBFb at a concentration of 400 nM (3.6-fold above K 1 ). (D) FRET assay of the WT RD binding to CBFb. The samples were excited at 433 nm, and the ratio of Venus-CBFb/Cerulean-RD emission peaks (525/474 nm) was plotted at different protein concentrations to generate a binding curve. (E) Yeast one-hybrid assay for RD binding to three core sites driving lacZ expression. Mutations that increase K 2 by X10-fold decrease b-galactosidase activity in a yeast one-hybrid filter assay to undetectable levels . Visible but decreased b-galactosidase activity in the filter assay reflects K 2 increases in the 3-10-fold range. (F) Modified yeast one-hybrid assay to measure binding of the RD:CBFb heterodimer to DNA. Although the Gal4 DNA-binding domain is fused to CBFb in the modified yeast one-hybrid assay, there are no Gal4-binding sites on the promoter driving lacZ and therefore CBFb's activity is mediated only through the core sites. CBFb increases the affinity of the RD for DNA by approximately 10-fold. RD mutants that can bind CBFb and have K 2 increases in the 10-90-fold range and correspondingly no b-galactosidase activity in the one-hybrid assay, yield b-galactosidase signals in the modified one-hybrid assay . On the other hand, RD mutants with K 2 values that are 4100-fold higher than the WT RD produce very weak or no b-galactosidase activity in the modified yeast one-hybrid assay . (G) EMSA measuring the affinity of the WT RD (top) and the L148F RD (bottom) for DNA (K 2 with the disease mutations are likely, if anything, to be even higher than those found with alanine mutations.
The majority (11/16) of CCD mutations, on the other hand, did not impair DNA binding as severely as the hematopoietic mutations. For example, the S67R, T149A, and Q158R RDs had WT ( þ ) DNA-binding activity, and L62R, F70C, and T154G decreased DNA binding in the one-hybrid assay in the relatively moderate 3-to 10-fold range ( þ /À; Table I ). CBFb 
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increases the affinity of the RD for DNA by 10-fold; thus a detectable galactosidase signal in the modified yeast onehybrid assay represents a o100-fold decrease in DNA-binding affinity. DNA binding was indistinguishable from the WT RD in the modified one-hybrid assay for 11 of the 16 RD mutations found in CCD that we analyzed (in contrast, only three of 10 RD mutations found in hematopoietic diseases had activity indistinguishable from the WT RD in the modified yeast one-hybrid assay). The CCD mutations that more severely decreased DNA binding were M124R, S140N, K167N, and T169I that are found only in CCD, and the R174Q mutation found in both CCD and in hematopoietic diseases. The M124R, S140N, K167N, and T169I (CCD-only) mutations that severely decreased DNA binding also impaired CBFb binding, and thus the RD structure was clearly affected as none of these residues are at the CBFb interface ( Figure 1A) . The R174Q RD, on the other hand, is a stably folded protein. R174 is located in the C-terminal tail of the RD, far from the CBFb interface, and does not interact with the remainder of the protein. Table I also shows that the thermodynamic stability as assessed by urea denaturation did not always correlate with the affinity of the mutant RDs for DNA. For example, the T149A, T161A, and Q158R mutations, all of which involve CBFb-contacting residues, decreased the thermodynamic stability of the RD but did not affect DNA binding, which is mediated by residues in loops at the opposite side of the RD from the CBFb interface.
In summary, the general trend we observed was that the majority of mutations identified only in CCD tended to affect DNA binding less severely than those found in hematopoietic diseases. However, there were exceptions to this trend, in that mutations that severely impair DNA binding are also found in CCD.
Effects on CBFb binding
We used two assays to examine CBFb binding by the RD mutants, EMSA and fluorescence resonance energy transfer (FRET). EMSA was used to measure K 3 values (Figure 2A and H). However, K 3 values were technically difficult to measure for RDs with severely impaired DNA binding; therefore, we used FRET to measure the RD-CBFb interaction in the absence of DNA (K 1 ) (Figure 2A-D) .
All of the RD mutations found exclusively in CCD decreased the affinity of the RD for CBFb (Table I) . In most cases, this correlated with a decrease in the RD's thermodynamic stability, although not necessarily with the magnitude of this change. Seven of the eight CCD-only mutations that we analyzed by urea denaturation had impaired CBFb binding, and the thermodynamic stability was also compromised. The remaining CCD-only mutation, R118Q, is a non-DNA-contacting residue at the DNA interface. R118Q had a stable fold, and only a modestly (five-fold) decreased affinity for CBFb.
In contrast, six out of the 10 missense mutations found in hematopoietic diseases did not decrease the RD's affinity for CBFb. Mutations in hematopoietic diseases that impaired CBFb binding (increased K 3 , which include R80C, A107P, R135G, and D171Y) also impaired DNA binding, indicating that the RD's structure was affected. In no case was a mutation found in hematopoietic disease that impaired CBFb binding alone.
In summary, the general trend we observed was that the majority of CCD mutations (11/16) moderately decreased DNA binding, impaired CBFb binding, and therefore presumably had a global or local effect on the RD structure. In seven out of eight cases, we confirmed that the presumed structural perturbation correlated with a decrease in thermodynamic stability. However, this was only a trend, and there were several exceptions. Some mutations in CCD (3/16) affected only CBFb binding and not DNA binding. All three of these mutations (T149A, Q158R, and T161A) involved CBFb-contacting residues. The other two exceptions were the R139Q and R174Q mutations in DNA-contacting residues that decreased DNA binding but not CBFb binding.
Approximately two-thirds of the hematopoietic mutations (6/10), on the other hand, decreased DNA binding, did not affect CBFb binding, and therefore did not perturb the RD structure. The remaining hematopoietic mutations (R80C, A107P, R135G, and D171Y) impaired both DNA and CBFb binding and thus globally or locally affected the RD structure. All three of these hematopoietic mutations (R80C, R135G, and D171Y) involved DNA-contacting residues. Thus, the prevailing model that mutations in DNA-contacting residues only impair DNA but not CBFb binding or the RD structure (Nagata and Werner, 2001; Tahirov et al, 2001 ) turns out to be an oversimplification of the actual situation.
Mutations that disrupt CBFb binding result in hypomorphic Runx1 alleles
We introduced five missense mutations that conferred different biochemical properties into the endogenous murine Runx1 locus to determine if they resulted in hypomorphic, nonfunctional, or dominant-negative alleles. All five mutations were introduced into exon 4 so that differences in targeting strategies could not contribute to any variations observed between the alleles ( Figure 3A) . We left the neomycin resistance gene (Neo) in intron 4, and controlled for its potential effect at that position with a similarly targeted floxed Runx1 locus (Runx1 f ) (Growney et al, 2005 ; Figure 3C ). Runx1 protein levels were not affected by having Neo in the locus (Supplementary Figure 1) .
T149A was found in a CCD pedigree in which some family members had mild and others classical CCD (Zhou et al, 1999) . The clinical hallmarks of CCD are short stature, delayed closure of cranial fontanels and sutures, Wormian bones, frontal bossing, supernumerary and late erupting teeth, rudimentary or absent clavicles, wide pubic symphysis, and other skeletal anomalies (Mundlos, 1999) . Milder forms of CCD are characterized by dental anomalies with minimal or absent clavicular features. As some family members with the T149A mutation had mild CCD, it was hypothesized that it creates a hypomorphic RUNX2 allele (Zhou et al, 1999) . The T149A mutation decreased CBFb binding by approximately 14-fold, destabilized the RD fold, but did not affect DNA binding. We also introduced a similar but more deleterious T161A mutation in the Runx1 locus that decreased CBFb binding by 40-fold, but did not affect DNA binding (Zhang et al, 2003) .
R174Q was identified in FPD/AML, AML M0, and in a patient with classical CCD (Song et al, 1999; Zhou et al, 1999; Preudhomme et al, 2000; Roumier et al, 2003) . The R174Q mutation causes a 410 000 fold decrease in DNA binding. However, the R174Q RD was stably folded, as demonstrated in multiple assays performed by ourselves and others, including urea denaturation, NMR spectroscopy, and by its WT affinity for CBFb. Transient transfection reporter assays performed previously by other laboratories indicated that R174Q as well as several other DNA-contacting mutants (K83N, K83E, R139G, and R139Q) may have dominant interfering activity (Imai et al, 2000; Michaud et al, 2002) .
L148F was identified in a patient with classical CCD (Zhou et al, 1999) , and moderately perturbs the RD fold, as illustrated in Figure 1B . L148 is located near the CBFb heterodimerization interface, and is only 14% solvent-exposed, thus is part of the essential hydrophobic core of the RD. A modeled phenylalanine substitution at L148 sterically clashed with adjacent RD residues in all possible rotamer positions (not shown). L148F disrupted DNA binding by 10-fold, CBFb binding by 100-fold, and destabilized the domain.
Lastly, we introduced an R177X mutation found in FPD/ AML (Song et al, 1999) and AML M0 (Osato et al, 1999) that removes the C-terminal DNA-contacting residue in the RD as well as the entire C-terminus of Runx1, including its transactivation and repression domains.
To assess whether the mutated full-length Runx1 proteins were stable, we transiently transfected cDNAs encoding them into COS cells and analyzed protein levels by Western blot ( Figure 3D , left and middle panels). All mutant Runx1 proteins, including the truncated R177X protein, accumulated to similar steady-state levels; thus, the decreased thermodynamic stability observed for some of the isolated RDs did not overtly affect the stability of full-length Runx1 proteins.
We did not assess whether the full-length mutant Runx1 proteins were stable in mice. In mice heterozygous for the mutations, the mutant proteins cannot be distinguished from WT Runx1 with any available antibodies. Furthermore, as described below, mice homozygous for several of the mutations produced no hematopoietic cells from which Runx1 protein levels could be analyzed. Mice heterozygous for the R177X allele, though, could be tested for expression of the truncated Runx1 protein. We were unable to detect the truncated R177X protein in nuclear extracts prepared from the thymuses of R177X/ þ mice ( Figure 3D , right panel), and suspect that the mRNA for R177X is subject to nonsensemediated decay, as the truncated protein itself is inherently stable in cells.
Animals homozygous for the R174Q, R177X, and L148F mutant Runx1 alleles died at midgestation with a phenotype identical to that for either a Runx1 exon 3 or 4 deletion, as ) (Wang et al, 1996a) . (D) Western blot of nuclear extracts from COS cells transfected with cDNAs encoding mutant Runx1 proteins (left and middle panels), and from thymus extracts prepared from 6-weekold R177X/ þ mice and þ / þ littermates (right panel). No truncated R177X protein (expected position of the 17.9 kDa protein indicated by arrow) was detected in thymus extracts. (E) R177X/R177X 12.5 d.p.c. fetuses, post-natal day 7 (P7) T161A/T161A mice, and P14 T149A/T149A mice. WT littermates are shown to the right (R177X and T161A) or on top (T149A). Note the pale liver (arrow) and hemorrhages (arrowheads) in the R177X/R177X fetuses, which is characteristic of Runx1 deficiency (Okuda et al, 1996; Wang et al, 1996a) . (F) Histologic sections of lung from 2-day-old T161A/T161A and þ / þ littermates ( Â 400). Arrows indicate an airway with infiltration of neutrophils in the T161A/T161A animal and an unaffected airway in the þ / þ animal. Bronchopneumonia was diagnosed in three of the four T161A/T161A neonates analyzed. The accumulation of red blood cells in the þ / þ animal is an artifact caused by decapitation. described previously (Okuda et al, 1996; Wang et al, 1996a) (Table II; Figure 3E ). On the other hand, T161A/T161A and T149A/T149A mice were born at the expected Mendelian frequencies (Table II) . Although T161A/T161A and T149A/ T149A animals were the same size at birth as their þ / þ and m/ þ littermates, they failed to thrive and became severely stunted in growth ( Figure 3E ). Most T161A/T161A animals did not survive past 2 weeks of age, and none survived until weaning (Table II) . Fifty percent of T149A/T149A mice survived past weaning, overcame their early growth disadvantage, and had a normal lifespan.
T161A/T161A neonates (three of the four necropsied) were found to have a suppurative bronchopneumonia with an anterior distribution of neutrophilic infiltrates within major airways ( Figure 3F ). There was no evidence of neutrophilic infiltrates or increased myeloid cell proliferation in other tissues including bone marrow, indicating that the lesion most likely occurred in response to some unknown, and possibly infectious insult, suggesting that T161A/T161A mice are most likely predisposed to opportunistic infection. The cause of the bronchopneumonia was not determined. No predisposing anatomical, neurological, or immunological defects were evident.
The mutations' effects on hematopoiesis correlated with viability. Previous studies showed that Runx1-deficient fetuses (exon 3-or 4-deleted alleles) had no liver or aorta/ gonad/mesonephros (AGM) hematopoietic progenitors at 11.5 d.p.c. (Okuda et al, 1996; Wang et al, 1996b; Mukouyama et al, 2000) . Animals homozygous for mutations that disrupted or impaired DNA binding (R174Q, R177X, and L148F) had essentially no fetal liver or AGM colony forming units-culture (CFU-C) ( Figure 4A and B), which correlated with the embryonic lethality conferred by these alleles. Animals homozygous for mutations that affected only CBFb binding, on the other hand, had hematopoietic progenitors. T161A/T161A 11.5 d.p.c. fetuses had no AGM CFU-C, but had detectable albeit significantly reduced numbers of fetal liver CFU-C ( Figure 4A and B) . T149A/T149A fetuses had significantly fewer CFU-Cs in the AGM and fetal liver than þ / þ fetuses (P ¼ 0.0002), but more AGM CFU-C than T161A/T161A fetuses. Thus, the T149A and T161A mutations, which impaired CBFb binding by 14-and 40-fold, respectively, resulted in hypomorphic Runx1 alleles, whose relative strength correlated with the extent to which CBFb binding was affected. The numbers of AGM CFU-C in þ / þ and the control f/f fetuses were not significantly different ( Figure 4A ), again demonstrating that the presence of Neo in intron 4 did not affect expression from the Runx1 locus.
R174Q mutation creates a weakly dominant-negative Runx1 allele
Runx1 haploinsufficiency in the mouse has been associated with multiple, mild hematopoietic perturbations, including decreased numbers of fetal hematopoietic progenitors, increased CFU-C in the adult mouse bone marrow, a 15% decrease in platelet numbers, and a decrease in the percent of CD4 þ cells in the spleen (Wang et al, 1996a, b; Mukouyama et al, 2000; Sun and Downing, 2004) . We examined m/ þ fetuses and adult mice to ascertain whether any of the mutant Runx1 alleles ameliorated or exacerbated the phenotypes caused by an exon 4-deleted Runx1 allele (DE4; Figure 3C ). AGM regions from 11.5 d.p.c. DE4/ þ fetuses had a greater than three-fold decrease in CFU-C compared to þ / þ AGM regions ( Figure 4C ). The number of CFU-C in R174Q/ þ AGM regions was reduced slightly more than in DE4/ þ fetuses (P ¼ 0.06, unpaired two-tailed t-test and P ¼ 0.03 by onetailed t-test), suggesting that the R174Q mutation creates a weak dominant-negative Runx1 allele. R177X/ þ fetuses, on the other hand, had similar numbers of AGM CFU-Cs as DE4/ þ fetuses, and both L148F/ þ and T149A/ þ AGM regions had significantly more AGM CFU-C than those from DE4/ þ fetuses ( Figure 4C ). The difference in AGM CFU-C between R174Q/ þ and L148F/ þ fetuses was highly significant (P ¼ 0.0002). The variability in T161A/ þ AGM CFU-C assays was higher than for other genotypes; therefore, significance could not be established. Thus, the AGM CFU-C assay was able to discriminate between nonfunctional (DE4 and R177X), strongly hypomorphic (L148F) and weakly dominant-negative (R174Q) Runx1 alleles. The number of fetal liver CFU-C was less sensitive to alterations in Runx1 dosage, with only þ / þ , T161A/ þ , and T149A/ þ fetuses having significantly more CFU-C than DE4/ þ fetuses ( Figure 4D) .
Clinical blood counts (CBCs) identified no significant differences between m/ þ and þ / þ adult mice (not shown); however, T149A/T149A mice had a 23% decrease in platelet numbers, a decreased total white blood cell count (WBC), a decreased total lymphocyte count, and an increased percentage of monocytes compared with T149A/ þ and þ / þ littermates (Table III) . All m/ þ (including DE4/ þ ) animals had significant decreases in the percentage of CD4 þ splenic T cells and in the CD4 þ :CD8 þ ratio compared to (Table IV) . R174Q/ þ mice had a smaller percentage of CD4 þ cells and a lower CD4 þ :CD8 þ ratio than DE4/ þ animals, again supporting the notion that the R174Q mutation creates a weakly dominant-negative Runx1 allele. The overall cellularity of spleens was not altered in any m/ þ mice (not shown). Runx1 m/ þ animals were not predisposed to leukemia following ethylnitrosurea injection during the 1 year they were observed (not shown). 
Total number of CFU-Cs per AGM region from Runx1 m/ þ fetuses. Significant differences from DE4/ þ (*) are indicated. The difference between R174Q/ þ and DE4/ þ was significant at P ¼ 0.06 by unpaired two-tailed Student's t-test, and at P ¼ 0.03 by unpaired one-tailed Student's t-test. Mice were analyzed at 6-10 weeks of age. *Significantly different from +/+ at P ¼ 0.0001. Number of animals analyzed. *P ¼ 0.01 compared to +/+. y P ¼ 0.01 compared to DE4/+.
Discussion
Three classes of RD mutations contribute to human disease Mutations in the RD of Runx1 and Runx2 are found in hematopoietic diseases and in CCD, respectively. We have grouped these mutations into three distinct categories based on their DNA and CBFb-binding activities (Table I and Supplementary Figure 2) . Class D mutations, which are found in both hematopoietic disorders and in CCD but predominate in the hematopoietic diseases, affect DNA binding but not CBFb binding. All but one of these mutations (G138D) altered DNA-contacting residues. The one example of a class D mutation we analyzed in vivo, R174Q, resulted in a weakly dominant-negative Runx1 allele. The dominant-negative activity was seen as subtle but significant decreases in AGM hematopoietic progenitor numbers and in the percentage of splenic CD4 þ cells. In addition, we found that mice doubly heterozygous for the R174Q mutation and another very weak hypomorphic Runx1 allele, L148A (R174Q/L148A), suffer from a profound failure to thrive syndrome and the majority died before weaning (unpublished results). On the other hand, mice doubly heterozygous for a Runx1 deletion and the same L148A allele (DE4/L148A) were smaller than their littermates but otherwise healthy. Thus, the R174Q mutation exhibited dominant-negative activity in three biological settings: AGM hematopoietic progenitor numbers, CD4 þ cells, and viability on a sensitized genetic background. Class DB (DNA/CBFb) mutations create RDs that have impaired DNA and CBFb binding, and are found in both CCD and in hematopoietic diseases. These mutations would be predicted to disrupt the hydrophobic core of the protein (A107P, M124R) or remove specific H bonds critical for the fold (S140N, T169I) resulting in a local or global change in the RD structure. Most DB mutations decreased the RD's thermodynamic stability. An exception was R118Q, which was a borderline DB mutation as it only very moderately decreased CBFb binding by five-fold. We analyzed one class DB mutation in vivo, L148F, which created a strongly hypomorphic Runx1 allele. We predict that other class DB mutations that more severely disrupt DNA binding than L148F will create completely nonfunctional alleles.
Class B mutations, which are found exclusively in Runx2 in CCD, moderately to severely impaired CBFb binding, destabilized the RD, but had no measurable effect on DNA binding. When two class B mutations (T149A and T161A) were introduced into the murine Runx1 gene, they resulted in hypomorphic alleles.
One conclusion from our studies is that the majority of the mutations found in CCD are functionally distinct from those found in hematopoietic diseases. The class B mutations found in CCD, in all likelihood, create weak hypomorphic RUNX2 alleles. In contrast, none of the hematopoietic mutations are class B mutations, and many of them are class D mutations.
One possible explanation for the prevalence of hypomorphic RUNX2 alleles in CCD is that many amino-acid substitutions in the RD have the ability to only moderately perturb DNA or CBFb binding and, as suggested by others (Yoshida et al, 2002) , bone formation is apparently sensitive to mild (less than two-fold) reductions in Runx2-CBFb dosage. Correspondingly, the lack of hypomorphic class B mutations in FPD/AML and leukemia might reflect a relative insensitivity of hematopoiesis to less than twofold decreases in Runx1 dosage, and thus only the smaller subset of more severe mutations can cause hematopoietic disease. However, an alternative explanation for the relative ease of finding hypomorphic RUNX2 alleles in CCD could be that there is a clinical detection bias. As minor skeletal malformations are presumably more easily and less invasively diagnosed than small disturbances in hematopoiesis, hypomorphic RUNX2 alleles may be more readily identified. However, it is important to keep in mind that CCD is associated with mutations in RUNX2, whereas hematopoietic disorders are associated with mutations in RUNX1. We analyzed the effect of these mutations on Runx1 function in hematopoiesis. As Runx2 is expressed in different cells, has different targets, and is involved in different pathways, the effect of these mutations on Runx2 function could also be different.
Implications of dominant-negative Runx1 alleles
Hundreds of cancer-associated missense mutations have been identified in the structurally related p53 DNA-binding domain. Some of these mutations involve DNA-contacting residues ('DNA-contact' mutations), whereas the majority are so-called 'structural' mutations that affect the stability of the p53 DNA-binding domain (Bullock and Fersht, 2001 ). p53 binds DNA as a dimer of dimers through interactions between four p53 DNA-binding domains and a separate oligomerization domain (Lee et al, 1994; Jeffrey et al, 1995; Kitayner et al, 2006) . Several of the amino acids that are mutation hot spots in the p53 DNA-binding domain support the structure of both the DNA-binding interface and of the dimerization interface (Bullock and Fersht, 2001; Kitayner et al, 2006) . Both DNAcontact and structural mutations in the Tp53 gene create dominant-negative or gain-of-function alleles. However, in the case of p53, the structural mutations are thought to create more severe dominant-negative Tp53 alleles than the DNAcontact mutations (Halevy et al, 1990; Hinds et al, 1990; Olive et al, 2004) . This may be caused by the effect structural mutations have both on the ability of p53 to form stable tetramers and to interact with other proteins.
In contrast, it was a class D mutation in a DNA-contacting residue that resulted in a non-DNA-binding but correctly folded RD that created a dominant-negative Runx1 allele. This finding predicts that a correctly folded RD that cannot occupy the DNA is sequestering or altering the activity of a protein or proteins that are present in limiting amounts. The obvious candidate that comes to mind is CBFb, as the correctly folded RDs retain CBFb binding. However, there is little evidence to suggest that a two-fold reduction in CBFb levels has a biological impact (Sasaki et al, 1996; Wang et al, 1996b; Talebian et al, 2007) . Furthermore, the non-DNAbound form of the RD has a 10-fold lower affinity for CBFb than the DNA-bound RD (Tang et al, 2000b) ; therefore, presumably less than half of the available CBFb will be sequestered into non-DNA-binding Runx1 complexes. The genetic data predict that another, as yet unidentified protein that binds an intact Runx1-CBFb heterodimer is present in limiting amounts, and is being sequestered by non-DNAbinding Runx1-CBFb complexes.
Modeling FPD/AML in the mouse
One of the potential outcomes of these analyses was a mouse model for FPD/AML. FPD/AML is characterized by decreased platelet numbers and abnormal response times to agonists of platelet aggregation. Several patients were shown to have reduced numbers of committed hematopoietic progenitors in their peripheral blood or bone marrow (Song et al, 1999) . Although moderately (15%) decreased platelet counts were previously reported in mice haploinsufficient for Runx1 (Sun and Downing, 2004) , we were unable to reliably detect this small decrease for reasons that may have to do with the greater variability in the genetic background of our mice. However, we were able to document mild thrombocytopenia in mice homozygous for the hypomorphic T149A mutation. Thus, the T149A/T149A mice may provide a model for the platelet dysfunctions associated with FPD/AML, and suggest that reducing functional Runx1 dosage by slightly more than 50% may provide a strategy for more faithfully modeling at least some aspects of RUNX1 haploinsufficiency in human disease.
Materials and methods

Yeast one-and modified one-hybrid assays
The yeast one-hybrid and modified one-hybrid assays were described previously (Bravo et al, 2001; Li et al, 2003) . We detected b-galactosidase expression with filter assays.
Purification of RD and CBFb proteins
Expression and purification of the RD (aa 41-214) and CBFb for urea denaturation, 15 N-1 H HSQC spectroscopy, and EMSAs were performed as described previously (Berardi et al, 1999; Zhang et al, 2003) . Protein for NMR analysis was labeled in 15 N minimal media supplemented with 10% rich media (Bioexpress Cell Growth Media, Cambridge Isotopes CGM-1000-N).
Fluorescent proteins for FRET analyses were produced by fusing an N-terminal Hisx6 tag in-frame to Cerulean (Rizzo et al, 2004) and subcloning it between the NdeI and BamHI sites of pET-22b (Novagen), then inserting codons for Runx1 downstream of Cerulean between the BamHI and XhoI sites. Venus-CBFb was cloned by first inserting an N-terminal His tag and EYFP (Clontech) into the pET22b vector between the NdeI and BamHI sites. CBFb was then inserted between the BamHI and XhoI sites to create an EYFP-CBFb construct. The five point mutations necessary to convert EYFP to Venus (Nagai et al, 2002) were subsequently introduced to generate the final Venus-CBFb construct. Plasmids were transformed into Rosetta (DE3) (Novagen) competent cells for expression, and purified by standard Ni affinity chromatography (HisTrap, Pharmacia).
Urea denaturation monitored by fluorescence spectroscopy
Denaturation was monitored using the intrinsic fluorescence of the single tryptophan (W79) in the RD as described previously (Zhang et al, 2003) , with the following minor modifications. Fluorescence measurements were made on a Fluoromax-3 spectrofluorometer (Jobian Yvan Horba) at 41C. Samples were excited at 280 nm using excitation and emission band passes of 2.1 and 5 nm, respectively. Fluorescence in the range of 300-370 nm was recorded with an increment of 2 nm and an integration time of 1 s, and the fluorescence intensity (counts/s) at 340 nm recorded.
NMR spectroscopy 15 N-1 H HSQC spectra were recorded on a Varian Inova 500 MHz NMR spectrometer equipped with an actively shielded triple resonance probe (Nalorac Corp). Spectra of free and DNA-bound RDs were recorded at 20 and 401C, respectively. The RD:DNA complex was prepared as described previously (Berardi et al, 1999) .
FRET
Cerulean-Runt and Venus-CBFb fusion proteins were dialyzed into FRET assay buffer (25 mM Tris-HCl (pH 7.5), 150 mM KCl, and 2 mM MgCl 2 ). Protein concentrations were determined by UV absorption at 433 nm for Cerulean-Runt and 513 nm for Venus-CBFb (e ¼ 34 000 and 92 000 M À1 cm
À1
, respectively). Equal molar amounts (2 mM) of RD and CBFb in 2 ml FRET buffer plus 0.01% BSA were incubated at 41C for 1 h in the dark. Samples were serially diluted two-fold and read in a Fluoromax-3 spectrofluorometer (Jobian Yvan Horba). Samples were excited at 433 nm using excitation and emission band passes of 1.3 and 2.0 nm, respectively, and scanned from 440 to 610 nm. The ratio of the emission intensities at 525 and 474 nm was plotted against the log of the protein concentrations. A sigmoidal curve was fit using Origin 5.0 software.
Equilibrium binding constant measurements
EMSAs were performed to measure the equilibrium binding constants of the RD for DNA (K 2 ) and of CBFb for an RD:DNA complex (K 3 ) as described previously (Tang et al, 2000a; Li et al, 2003; Zhang et al, 2003) , using the Core site from the SL3-3 murine leukemia virus enhancer (GGATATCTGTGGTTAAGCA) as the DNA probe.
Generation of mutant Runx1 alleles
Targeting vectors were used to replace the WT exon 4 of Runx1 with a mutated exon 4 containing specific point mutations. Mutations were made in an AvrII-AflII fragment encompassing Runx1 exon 4 subcloned into pBluescript SK þ . The mutated AvrII-AflII fragment was excised, AscI linkers added, and the fragment subcloned into an AscI site in polylinker sequence located between the 5 0 homology region and the floxed neo gene. The targeting vector was linearized with NotI, electroporated into J1 or R1 ES cells, and mice were generated and screened by standard protocols. Heterozygous animals were maintained on a mixed C57BL/6 þ129S1/SVImJ background. The presence of a given point mutation in the Runx1 locus was confirmed by PCR amplifying tail DNA prepared from animals heterozygous for the mutation using the primers RDint (5 0 -GAGTCCCAGCTGTCAATTCC) and Ex4-3int (5 0 -CTCTTCAGGAAAGA GGCTAAGC), which were complementary to sequences in introns 3 and 4, respectively. The PCR product was subcloned using a Topo TA kit (Invitrogen, Carlsbad, CA), and plasmids from several independent bacterial colonies were sequenced with the primers Ex4-5seq (5 0 -CTCAATATGTTCTGTTCTGTTTCC) and Ex4-3seq (5 0 -TTGTGTACACCAGCCCAGACAG) to confirm that 50% of the colonies had the correct point mutations. The Runx1
DE4
(Runx1
tm1Spe
) and Runx1 f (Runx1 tm3Spe ) alleles were described previously (Wang et al, 1996a; Growney et al, 2005) .
Western blots COS (3 Â10
6 ) cells were transfected with 9 mg Runx1 in pcDNA 3.1 following the manufacturer's protocol (Fugene). Nuclear extracts from COS cells and thymocytes were separated through 12% SDS-PAGE gels. Whole-cell lysates from thymocytes were prepared in RIPA buffer (10 5 cells/ml) in the presence of complete EDTA-free proteinase inhibitor cocktail tablets (Roche, Basel, Switzerland) and fractionated through NuPAGE 4-12% Novex Bis-Tris Gels (Invitrogen). Blots were probed with mouse monoclonal antibodies to Runx1 (3.2.5 or 3.2.3.1) or CBFb (141.4.1 þ141.2.2.5) and either ECL reagents (Amersham, Piscataway, NJ) or SuperSignal West Pico Chemiluminescent reagents (Pierce, Rockford, IL) and quantified using ImageQuant 5.0.
Histology Two-to four-day-old neonates (four T161A/T161A, two þ / þ , three T161A/ þ ) were immediately decapitated posteuthanasia, and more than 50 tissues examined by routine histology (fixation in 10% neutral buffered formalin, paraffin embedding and 5 mm sectioning with hematoxylin and eosin staining).
Fetal liver and AGM colony-forming assays
Colony forming assays (CFU-C) were performed as described previously (Wang et al, 1996b) . Single-cell suspensions from livers were prepared by passage through 18-and 22-gauge needles (four times each). Single-cell suspensions of AGM regions were prepared as described by Dzierzak and de Bruijn (2002) .
FACS analysis
Spleen cells from 4-to 6-week-old animals were stained with the antibodies CD4-allophycocyanin (APC, clone RM4-5) and CD8-fluorescein isothiocyanate (FITC, clone 53-6.7) (Pharmingen), and analyzed using a Becton Dickinson FACS Calibur. Data were pooled
